Introduction
Global ammonia (NH 3 ) emissions from fertiliser nitrogen (N) are estimated at 10 to 45 12 Tg N/yr (Beusen et al., 2008) . These emissions are of concern from economic, 46 environmental, and national policy perspectives. As addition of supplemental fertiliser N is a 47 cornerstone of many agricultural systems N lost as NH 3 -N must be replaced, typically at an 48 economic and environmental cost, in order to sustain agro-ecosystem productivity. Ammonia 49 lost from agricultural systems may be re-deposited contributing to eutrophication and 50 acidification of terrestrial and aquatic ecosystems (Sutton et al. 1992) and indirect emissions 51 of nitrous oxide (N 2 O), a potent greenhouse gas. In terms of national policy, EU member 52 states have committed to reducing NH 3 -N emissions under the National Emissions Ceiling 53 Directive (EU, 2001) . 54 The use of urea in place of ammonium nitrate-based fertiliser has some potential for 55 mitigating fertiliser N related N 2 O emissions (Dobbie & Smith, 2003) . However, urea is 56 vulnerable to NH 3 volatilisation (Chambers & Dampney 2009) . Promisingly N stabilised 57 using N inhibitors can play a role in mitigating losses of NH 3 -N (Watson et al., 2009) , N 2 O 58 (Di et al., 2007) and nitrate leaching (Dennis et al. 2012) . These inhibitors can be divided into 59 two groups: i) urease inhibitors and ii) nitrification inhibitors. Urease inhibitors reduce NH 3 60 volatilisation from urea by inhibiting the enzyme urease which catalyses urea hydrolysis. The 61 urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) has been shown to reduce NH 3 62 loss from urea (Watson et al., 1990 (Watson et al., , 1994 Goos et al., 2013) . The maleic and itaconic acid 63 polymer (MIP) has been marketed globally and claims to be a urease and a nitrification 64 inhibitor. However, a number of studies (Franzen et al., 2011; Goos et al., 2013) have shown granules at 660 ppm NBPT (on a urea weight basis). Koch Agronomic Services supplied the 94 urea+DCD granules, where DCD had been added to urea at the molten stage at the rate of 95 3.5% on a urea-N basis. Urea+DCD granules were coated with Agrotain® on site to make 96 urea+NBPT+DCD. The source of MIP was commercially available urea treated with 97 Nutrisphere®. A randomised block design with three replicates was used except for the urea 98 400 kg N/ha/yr and urea+MIP treatments at JC, each of which had two replicates. Fertiliser 99 treatments were applied between March and September 2014 (Figures 1 and 2) .
100

Ammonia measurements 101
Ammonia loss from the treatments was measured using a system of wind tunnels 102 similar in design to Lockyer (1984) and Meisinger et al. (2001) . In brief, each wind tunnel 103 unit consisted of a 0.5 m x 2 m polycarbonate canopy with an integrated inlet air sampling 104 line, an axial fan to draw air through the canopy, an anemometer to measure air speed, which 105 was 0.9 to 1.0 m/s at the anemometer, and an outlet air sampling line. A control box housed a 106 diaphragm pump for air sampling, a flow meter and a critical orifice for both air sampling Differences between fertiliser treatments were determined using the F-protected least 131 significant difference (LSD) test at the 95% confidence level.
132
Results and discussion 133 Ammonia loss from CAN and urea 134 The mean NH 3 -N loss from CAN of 4.2% was higher than the mean emission of 0.8% 135 reported by Black et al. (1985) . Higher losses from CAN in the present study may be partially 136 attributable to more rapid dissolution of the calcium carbonate (CaCO 3 ) in CAN, which 137 causes a small initial rise in soil pH around the granule (Black et al., 1985) . In contrast, the 138 average loss from urea was much higher at 25.1% for HB and 30.6% for JC and spanned a 139 wide range (7.5 to 52.8%) across the five 40 kg N/ha applications. While these average values are similar to the 30% reported by Chambers & Dampney (2009) in UK grassland, 141 also using wind tunnels, they are much higher than those of Black et al. (1985) who reported 142 average loss over four seasons of 11.9% for urea. Black et al. (1985) state that, due to the 143 measurement method these losses were likely near the upper limit for grassland in 144 Canterbury, New Zealand. Similarly, we suspect that the losses recorded by the wind tunnels 145 in the current study are at the upper limit of losses for Irish temperate grassland. One reason 146 is that in a parallel study (Harty et al., 2015) there were similar apparent N fertiliser 147 recoveries in herbage of 65% for CAN and 60% for urea. Also the average urea-N losses of when the wind speed difference between the wind tunnel canopy and external conditions 158 varied by >20%. Additionally, Ryden & Lockyer (1985) found that wind tunnels can 159 overestimate NH 3 -N losses by a factor of 2.4 to 6 during periods of rainfall. In the current 160 study, wind tunnels were moved daily to minimise effects on rainfall although such effects 161 are potentially not completely excluded. Wind tunnels were chosen for the current study The maximum rate of NH 3 -N loss from urea typically occurred on the second day 167 after urea application (8 out of 10 cases), but in all cases within < 3 days (Figure 1 and 2). following application reduced urea NH 3 -N losses by 90% however these levels were not 187 reached in the present study. The highest precipitation level on the day post application was 188 5.8 mm on May 6 at HB and the resultant loss was 8% (Table 1) , much lower than the average loss of 25.1% at this site. This initial 5.8 mm was followed by daily precipitation of 190 1.8 to 3.6 mm/day for three days and 11.6 mm on the fifth day. A similar rainfall input of 5.4 191 mm on July 7 at JC followed by 0.6 mm on the day after produced a loss of 26% (Table 1) .
192
Temperatures were warmer in July than in May, however if NH 3 -N loss reduction only is the Traditional advice in Ireland that urea is less vulnerable to loss of NH 3 -N in spring 219 due to cooler temperatures is supported by the HB data with average loss of 32.3% in 220 summer and 14.5% in spring. Conversely, the average NH 3 -N loss at the JC site was 25.3% in 221 summer and 39% in spring. Temperatures (Figure 1 and 2) and soil moisture (Table 1) Previous researchers have also noted that the seasonal effects are not pronounced.
231
Black et al. (1985) noted no marked seasonal pattern of NH 3 -N loss from urea in New
232
Zealand grassland with 13.1, 15 and 11.2% from a summer, autumn and winter application, 233 respectively, although there was a slight tendency for lower loss in spring at 10%. We also 234 observed this slight tendency with average loss of 26.8% in spring and 28% in summer but 235 spring NH 3 -N losses were more variable (8 to 53%) than summer losses (20 to 33%). What is 236 clear from this study is that NH 3 -N loss from urea can be a significant issue in both spring 237 and summer. et al., 2014) . Nitrification inhibitors may also affect 242 NH 3 -N loss from urea, although Kim et al. (2012) reported that the effect was inconsistent.
243
The current data show that this is also an issue in temperate grassland, with DCD 244 significantly increasing NH 3 -N loss at JC at three applications (by 15.8% to 23.9 percentage 245 points, Table 1 ) and having no effect at two applications. The cumulative effect was a 36% 246 increase in NH 3 -N loss attributable to using DCD (Table 2) the soil for longer and that the soil pH peak is prolonged, although this could not be 257 confirmed in the current study.
258
In contrast, a significant decrease in NH 3 -N loss in four out of five applications was 259 observed for urea+DCD at HB, with an annual mean loss reduction of 45% compared with 260 urea only (Table 2) . A meta-analysis by Kim et al. (2012) also reported a limited number of 261 cases where DCD decreased NH 3 -N emissions but the reduction was much lower than that 262 observed at HB. One possible mechanism may be associated with non-target effects of DCD on the soil nitrogen mineralisation-immobilisation turnover (MIT) at HB. In a field study on study with slurry found that the effects of DCD on MIT varied between soils. Increased net 267 NH 4 + -N immobilisation could, therefore be a possible mechanism for reduced NH 3 loss with 268 urea+DCD. However, further detailed process studies would be needed to understand this 269 mechanism. It is clear that use of DCD adds to the NH 3 -N loss uncertainty associated with 270 using urea as its effects on loss were so variable. With regard to the non-significant effect of 271 DCD observed on June 3 and July 7 at JC and on May 6 at HB (Table 1) this was associated 272 with lower initial peaks in NH 3 -N loss from urea and the early onset of precipitation.
273
The urease inhibitor NBPT was effective in reducing NH 3 -N emissions from urea in 274 nine out of ten split applications (Table 1) . For the single application where NBPT did not 
281
When the urease inhibitor NBPT was included with urea+DCD, NH 3 -N losses were 282 74% lower than for urea (Table 1) . This is similar to the 78.5% reduction when the urease 283 inhibitor was used alone, thus NBPT inclusion with DCD may be a strategy for overcoming found that urea+MIP did not provide a significant average plant yield response above urea.
293
Implications for ammonia inventories 294 Firstly, this study has shown that CAN has low and consistent NH 3 -N loss across a 295 range of conditions in temperate grassland ( The use of urea poses challenges at both local management and national inventory scales and 321 will increase ammonia loss compared with CAN. Maximum NH 3 -N loss rates from urea 322 occur quickly in Irish temperate grassland (within two to three days); consequently, to reduce 323 loss appreciably, it is desirable to apply urea shortly before sustained precipitation is forecast 324 where possible. One site had higher losses in spring and the other higher losses in summer 325 owing to environmental conditions but average losses were similar between seasons, 326 highlight the importance of having large multi-site databases for generation of general advice.
327
The urease inhibitor NBPT effectively abates NH 3 -N loss from urea when used with or 328 without a nitrification inhibitor. This study has provided information on the abatement 329 potential of a suite of N fertiliser options, however there is an important knowledge gap 330 regarding absolute levels of NH 3 -N loss from urea in Irish grassland which could be 331 addressed by a campaign of micrometeorological measurements. Such knowledge is of 332 critical importance in the context of national commitments to reduce NH 3 -N loss whilst 333 growing the agri-food sector. 
